of DNA molecule, chain scission should occur in most cases . This paper deals with the results of our attempts to clarify the mechanisms of actions of thermal neutrons on living cells . After several trials using bacteria or viruses which were failed to detect any effects on low thermal neutron flux a vailable, we decided to use the amoebae as the experimental animals . One of the serious defects derived from using amoebae in such an experiment is less-repro ducibility of the results obtained, which is due mainly to difficulty of mass treat ment of the cells. However, larger cell volume of amoeba make the cell very useful material in such an experiment in which only low thermal neutron flux can be available.
Another advantages derived from using amoeba are as follows; 1 . Prescott-James solution (9) , the incubation medium of amoeba, is very low concen tration as regard to several solutes which give disturbances in the analysis by capturing thermal neutrons.
2. Amoebae can survive for a considerably long period on agar plate. Thus irradiation can be attained without interferance by water . Since incident fast neutrons are thermalized eventually by the collisions with the atoms in biological matters, this kind of study is also considered to be very im portant to discuss the mechanisms of an action of fast neutrons.
MATERIALS AND METHODS
Amoebae : Two types of Amoeba proteus, mononuclear M-type and multinuclear P-type were used as experimental materials.
The P-type of amoeba was isolated from the common culture of Amoeba proteus (M-type) , and has been successively cultured in the same manner as usual in our laboratory since two years . It is still questionable whether or not the P-type is classified as a strain of Amoeba proteus. The mean numbers of nuclei contained are now examining in this laboratory . Ir radiation : Thermal neutron irradiation was carried out in the heavy water facility of KUR (Kyoto University Reactor) for 5 hr. Almostly pure thermal neutrons were obtained by the use of this excellent facility (Cd ratio: 1x101, mixed r-doses : 490 rads/hr at the maximum thermal neutron flux of approximately 3.2x109 n . cm-2. sec-1) (10). For ;--irradiation, 10000 Ci of 60Co-r-ray source was used. All the ir radiation times were 30 min.
Experimental prodedures : Before irradiation, the amoebae were transfered from the usual culture (Prescott-James solution) to agar medium (1.5% agar in that solution).
After ascertaining that the amoebae were adhered on the agar, excess Prescott-James solution was drained off carefully not to detach the adhered amoebae . Irradiation was carried out on the sample thus obtained in semi-dry state . After irradiation, the amoebae were transfered into usual medium, and 20-30 individuals of them were put into hole slide (size of the hole : 20 mm in diameter and 3 mm in depth of the center).
Three of them were prepared from the same samples . Numbers of amoebae in the hole were counted every days during 15 days under stereomicroscope.
Unless otherwise stated, the results in this paper were obtained as the mean of this three preparations. D20 treatment : Amoebae were acclimalized into 25, 50 and 75% D2O-Prescott-James solution successively . Each acclimalizing time was about an hour. Amoebae lost their adhesiveness to agar surface when D2O concentration raised to more than 75%. 
RESULTS
Lethal Effects of ;r-rays and thermal neutrons on Amoebae After r-ray or thermal neutron irradiation amoebae died day by day . Percent of survival was plotted against days after irradiation in Fig . 1 . From the figure survival at 10th day was taken as a criterion.
Daniels and Vogel (11) also took that day as a criterion for the death of amoebae. Dose-survival relationship of amoebae 10th day after irradiation was shown in Fig . 2 . M-type of amoebae had a higher radiosensitivity than P type against r-rays. However, in the thermal neutron irradiation, there observed no remarkable difference in radiosensitivity between the both amoebae.
D37 doses in this case were 2.5X101 (M-type) and 7.2x105 (P-type) rads in the case of r-ir radiation, while they were 9.1 x 1013 and 11.7 x 1013 n. cm-2 (total flux) re spectively, in thermal neutron irra diation (extrapolated values). Taking the value of 4.9 x 10-5 ug-P as a DNA content of the amoeba (M-type) per cell (12) , it is calculated that the ir radiation with 9.1 x 1013 n. CM-2 of thermal neutrons cause about 18 of the nuclear reaction 31P (n, r) 32P on the DNA chains per cell.
Effects of several chemicals on the survival of irradiated amoebae
To seek the nature of lethal ac tions of thermal neutrons, effects of AET (2-aminoethyl-isothiuronium), D2O and boron were examined as compared with those on 7-irradia tion. AET (3 mM) showed consider able protection against r-rays. How ever, the lethal actions due to ther mal neutrons were not decreased by the protector (Fig. 3) . This suggests that the actions of thermal neutrons on the cells are essentially based on the nu clear reactions.
If thermal neutrons demonstrate their lethal actions by means of the nuclear reactions, it is needed to clarify what kinds of nuclear reactions among all are the most effective to kill the cells. Although 14N has a large cross section for thermal neutron (1.88b), their abundance in the cell is far less as compared with 'H (332 mb), the nuclear reaction 1H (n, r) 2H is expected to occur most com monly. Thus, the water (H20) in the cells and their surroundings was replaced by D20 (cross section of D : 0.46 mb), and the amoebae were irradiated with thermal neutrons.
The effects of boron, of which the amount in the cells was prepared to be equal in the numbers of nuclear reaction to phosphorus atoms in cellular DNA, were also examined (Fig. 4) . There observed no remarkable effects by the addition of these chemicals in the thermal neutron irradiation.
Thus the nuclear reactions which took place in the cytoplasmic or nuclear regions except on the chains of DNA molecules could not result in the lethal damages. The reason for the pro tective effect of 0.1 mM Na2B20, in the r-irradiation remains obscure. Results obtained from the combined irradiation by thermal neutrons and r-rays. When pre-thermal neutron irra diated amoebae were irradiated with r-rays, the extent of lethal effects was almostly equal to the product of the both radiation effects. How ever when pre-r--irradiated amoebae were irradiated with thermal neu trons, there observed extremely prominant lethal effects (Fig. 5 ). In the both cases, time between the first and the second irradiation was limited for about 30 min by the in evtable operation.
The more quan titative data were given in Fig. 6 . For examples, the survivals of a moebae which were given by 7.6 x 104 rads of r-rays plus 5.8x 1013 n. cm-2 were corresponding to that of a moebae by 5.6x101 rads of r-rays alone. Similarly, the effects of 1.2 x 105 rads plus 5.8x 1013 n, cm-1 were equal to that of 7.8X101 rads.
DISCUSSIONS
The sensitivity against thermal neutrons of the both types of amoe bae, which was greatly different against r-rays, was almostly similar.
The fact suggests that the site for the attack of thermal neutrons is presumably the nucleus, since the possibility of the nuclear reaction in the nucleus is expected to in crease in the P-type of amoebae.
The chemical protector such as AET failed to decrease the lethal actions due to thermal neutrons.
This gives a meaningful in formation about the mechanisms of action of thermal neutrons, namely, the lethal actions of thermal neutrons were demonstrated by means of the nuclear reaction per se, and not by the after effects of the nuclear reactions such as the radiative effects due to r-rays emitted spontaniously or heavy ionized particles per se. The results obtained from the experiments in which D2O or boron was added, suggest that all the nuclear reactions taken place in the whole cells did not necessarily cause lethal damages.
Thus the nuclear reactions 31P (n, r) 32P which arise on the DNA chains become to be responsible for the death due to thermal neutrons . Combined irradiation with thermal neutrons and r-rays, and vice versa gave the very interesting results. We found the extremely prominant lethal effects of thermal neutrons only when they were given on the pre-r irradiated amoebae (r-n effect). The lethal effects of thermal neutrons in this case , are equivalent to more than 5 times of initial r-rays. We assume the mechanism of r-n effect as follows . The nuclear reaction 31P (n, r) 32P which arises on the pre r-irradiated DNA having chain scissions elsewhere along the chain, bring about double chain scission easily , and thus, makes the cell die more efficiently than the events due to ;r-rays alone . Further analysis on the mechanisms of thermal neutron actions is now proceeding in our laboratory.
